In the dental field, Yttria-doped Tetragonal Polycrystalline Zirconia (Y-TZP) plays an important role due to its high mechanical properties, good aesthetics and bio-inert behavior. Surface mechanical properties are crucial for Y-TZP especially when it comes to osseointegration or contact loading, since it may undergo a spontaneous aging phenomenon when exposed to humid environment, creating a thin degraded layer that affects surface integrity. In this work, polished samples of Y-TZP have been artificially aged, and micropillars with diameters in the range 3.3 μm -0.3 μm have been milled by FIB inside the degraded layer and in the reference non-aged surface. Reproducible stress-strain curves were obtained by testing the micropillars in compression, demonstrating that this technique is suitable for assessing the degraded surface properties. Mechanical and failure behavior are significantly different for the degraded micropillars due to the presence of microcracks, while important differences are observed when reducing the micropillar diameter.
Introduction
Structural zirconia ceramics are widely and increasingly used in dentistry due to their outstanding properties, especially in terms of fracture toughness (K Ic ), biocompatibility and aesthetics [1] . The main mechanism responsible for the relative high value of K Ic is transformation toughening, that is, the transformation of the metastable tetragonal (t) phase into monoclinic phase (m) in front of the crack tip triggered by the high local stress generated under loading. During this transformation, a local volume expansion of approximately 4.5% takes place, inducing a compressive component at the crack tip that hinders its propagation. The result is a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 net increase in K Ic , which depends on different variables related to the particular alloying system and microstructure of zirconia [2] .
Here the attention is addressed to yttria-stabilized tetragonal polycrystalline zirconia (3Y-TZP), a system with very fine microstructure composed almost entirely of tetragonal grains with size of approximately 350 nm. The 3 mol% yttria content is the result of optimization in order to attain high mechanical strength.
Approximately 1200 MPa flexure strength is measured for a standard processed material, which is the highest among single-phase ceramics, and a considerable K Ic of 4.5 MPam.
At present, 3Y-TZP is being extensively used in dentistry for the production of dental crowns, bridges, abutments, dentures and dental implants [3] . The microstructure, topography, and mechanical properties of the surface are of extreme importance for all these applications, especially when it comes to load transfer by contact loading. In this sense, the long-term surface stability of zirconia became an issue after the discovery that hydrothermal degradation, an aging phenomenon that affects the surface of zirconia when exposed to humid environment and temperatures around 250 ºC, may also take place at much lower temperatures including that of the human body. During aging, due to the diffusion of water species, the tetragonalmonoclinic (t-m) transformation starts to occur spontaneously on the surface through a nucleation-andgrowth mechanism. After long exposure, grain boundary microcracks are formed within a thin superficial layer and monoclinic uplifts appear on the surface producing an increase in roughness [4] . The process is also accompanied by grain pull-out, a considerable decrease in surface hardness that can be measured by nanoindentation and the deterioration of scratch resistance [5] [6] [7] . The extent of transformation can be observed, and eventually measured, in terms of fraction of monoclinic phase content from its first appearance on some isolated grains [8] to the progression through the first superficial layers [9] and into the volume [10] .
Even though all these aspects have been widely documented by accelerated aging tests in water vapor at the standard sterilization temperature and pressure, there is still lack of knowledge on how mechanical properties are modified inside the transformed layer, which is generally few m in thickness after long exposure to the human body environment. It was observed by TEM that degradation microcracks develop anisotropically, with the crack planes mainly orientated along planes roughly parallel to the free surface [11] . The spatial distribution of microcracks in the degraded volume was also measured by means of focused ion beam (FIB) tomography [12] , confirming the anisotropic distribution.
Small-scale testing refers to mechanical tests performed on a reduced volume of material, an approach that can shed some light on the mechanical behavior of the degraded surface of zirconia. A first and wellknown example of these techniques is represented by nanoindentation, which finds its limitation in the complex stress state surrounding the indenter tip. With the development of FIB and other high precision shaping techniques, coupled with the load-displacement resolution offered by the technology of nanoindenters, new methods started to appear. By milling small volume samples with suitable geometry, the response of materials to compression, bending, torsion and tension states could be probed. For more details 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 about these techniques, see Legros et al. [13] . In metallic monocrystals, the main result of these studies is that the rule "the smaller being stronger" holds for many systems and models related to strain gradients and interaction of dislocations with free surfaces have been developed for explaining this particular behavior [14, 15] .
In the case of ceramic monocrystals, only few authors have used micropillar compression testing, often with the main objective of observing the existence of a brittle-ductile transition. In effect, a ductile behavior could be observed by reducing the sample size below some critical value that lies roughly between tens and hundreds of nanometers. Several materials conventionally known as "brittle" have shown plasticity features at the small scale: Si [16] , GaAs [17] , MgO [18] Al 2 O 3 [19] and SiC [20] . At the same time, superelastic and shape-memory effects were recently observed by Lai et al. [21] during compression of tetragonal zirconia micropillars highly doped with Y and Ce. Size-dependent phenomena related to flow stress in ceramic micropillars have also been documented by Korte and Clegg [18] , showing a similar behavior to metals once dislocations are activated by high stresses. Recently, the flexural response of polycrystalline microcantilevers milled by FIB inside the zirconia degraded layer has been studied by Camposilvan et al. [22] , observing a significantly different behavior depending on the direction of the applied stress, thus confirming that the anisotropic damage affects the mechanical properties inside the layer.
In the present work, micropillar compression testing is applied to 3Y-TZP. Polycrystalline micropillars are milled by FIB from the surface of fully degraded and non-degraded zirconia, with the main objective of studying the effect of degradation on the mechanical behavior.
Experimental
Commercial spray-dried zirconia powder (TZ-3YSB-E, Tosoh Corp.) was pressed isostatically at 200 MPa in a rod shape and sintered at 1450 ºC in air inside a tubular furnace for 2 hours, obtaining a ceramic with density of 6.06 ± 0.02 g/cm 3 (99.5 ± 0.3% of the theoretical value) as measured by the Archimedes' method.
The rod was cut into disks of. 1.5 mm thickness and these were ground and polished with diamond pastes down to less than 20 nm Ra. Few samples were exposed to artificial degradation in autoclave, under steam atmosphere at 134 ºC and 2 bar pressure, for 145 hours. The grain size was measured by the linear intercept method on polished and thermally etched (1300 ºC) surfaces.
X-ray diffraction (XRD) patterns were collected before and after artificial degradation using a Bruker D8
Advance diffractometer with Cu k- radiation and /2 configuration in the region 25º-35º. The intensity of selected peaks was used to calculate the monoclinic volume fraction by applying the equation of Toraya et al. [23] . Hardness and indentation fracture (IF) toughness were measured by the Vickers indentation method with a load of 10 Kg. The IF toughness was calculated with the formula proposed by Niihara et al. [24] .
Nano-hardness and elastic modulus were measured with a Berkovich indenter mounted on a MTS Nanoindenter XP equipped with a continuous stiffness measurement (CSM) module. 4 matrices of 3 x 3 nanoindentations were performed at random locations on the disks surface, with constant deformation speed of 0.05 s -1 to a penetration depth of 500 nm, which was selected to get stable measurements within the superficial layer.
The degradation time was chosen in order to produce a superficial fully degraded layer with a thickness greater than 13 m [10] . In this way, micro-sized fully degraded samples could be obtained from the surface. For doing so, both degraded and reference disks were cut along the diameter and the cross-section was polished using diamond films on a tripod fixture (Struers A/S). The disk halves were mounted on inclinable holders for scanning electron microscopy (SEM) using high strength silver adhesive and coated with a few nanometers Au/Pd layer to increase conductivity and avoid charging phenomena during milling.
The holders were introduced in a Zeiss Neon 40 dual beam microscope in order to mill by FIB micropillars with aspect ratio between 2:1 and 4:1 from the surface area adjacent to the cross-section edge.
A major issue in this procedure is represented by the taper angle that forms when employing FIB to mill cross-sectional surfaces. A way to limit this effect is by milling the final shape with multiple steps, so that the last current can be small enough to allow careful focusing and stigmation. At the same time, the dwell time assigned to every pixel can be varied in order to optimize the milling time and the shape of the feature.
The procedure was therefore optimized and micropillars were milled in two steps: in the first, a large 34 m diameter well was obtained with a considerable ion current. In the second step, lower currents were employed and the milling profile was tuned for each micropillar size. In this way, micropillars of 3.3 m, 700 nm and 300 nm nominal diameter and reduced taper angle were obtained. Micropillars were always milled with their axis perpendicular to the surface of the disks.
After milling, a thin cyanoacrylate strip was deposited on the surface of samples close to the milling area and the SEM holder was mounted on the stage of a MTS XP nanoindenter equipped with a CSM module for testing. Compression tests were performed with a flat-punch diamond tip machined via FIB from a Berkovich indenter. The flat surface had an equilateral triangle shape with a side of 18 µm. In order to clean the tip and align the surface of the sample, several indentations were performed on the cyanoacrylate strip and the SEM holder was tilted until a clear, symmetrical shape could be seen with the built-in optical microscope of the nanoindenter. During a compression test, the micropillar well was first imaged with the microscope and, after selecting the target location, the sample stage moved under the indenter tip. A microscope-to-indenter calibration had to be performed before each test in order to load the desired micropillar with the center of the flat surface. The compression routine was designed so that thermal drift was measured in contact with the micropillar at the beginning of the test. Afterward, loading was carried out under load control, adjusting the loading rate to obtain a strain rate approximately constant, until failure of the micropillar. In order to appreciate the change in stiffness and detect irreversible components of the deformation, additional tests were performed by loading-unloading cycles between a minimum constant load and increasing peak loads until failure employing a CSM Ultra Nano Hardness Tester (CSM Instruments, Peseux, Switzerland). Micropillars were imaged by SEM after testing. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 During processing of load-displacement data, the displacement at every load value was recalculated by subtracting the correspondent thermal drift. The data were converted into stress-strain curves by taking into account the micropillar height and diameter measured on SEM pictures before testing. This stress is the one appearing in the upper part of the micropillar, where the diameter is slightly smaller and the applied stress is the maximum in the sample. Table 1 reports the grain size, HV10 hardness, nano-hardness, nano-elastic modulus, IF toughness (Niihara equation) as well as the amount of monoclinic phase in the reference as-sintered zirconia (AS) and in the artificially degraded one (DEG) measured by XRD. HV10 hardness and IF toughness were not measurable from DEG disks since extensive chipping occurred during loading, as shown in Figure 1 , which presents also the aspect of a cross-section of the degraded disk after polishing, revealing the thickness of the degraded layer. The DEG micropillars, with their axis perpendicular to the surface, were milled inside this layer. The actual dimensions of the micropillar tested and the associated nomenclature are reported in Table   2 . An equal number of 6 pillars for each group are considered in the results. Figure 3 reports the stress-strain curves associated to loading-unloading tests at increasing peak stress for DEG 3.3 pillars. On unloading, a permanent deformation can be detected, which becomes more important as the stress increases. As reported in the chart of Fig. 4 , the initial loading slope (S 0 ) increases slightly after 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 successive loading cycles, in a similar fashion as the unloading slope at the peak stress (S UP ), where the increase is more marked. On the contrary, the unloading slope at low stresses (S U0 ) decreases slightly with increasing peak stress. It can also be observed that the corresponding unloading/loading hysteresis loops, indicated by the shaded area of the diagram in Fig. 4 , are slightly open and that their loop width increases as the peak stress increases. The side view of two 0.7 m pillars before testing, milled respectively from AS and DEG surfaces, is presented in Fig. 5 . In these images, the contrast has been enhanced to appreciate the shape and distribution of degradation cracks. The presence of thick dark lines reveals that some of the cracks are slightly open. SEM images of degraded micropillars of two different sizes, before and after testing, are presented in Figures 6 and 7 , where the fracture appearance can be appreciated. 
Results

Discussion
After artificial degradation, the fraction of monoclinic phase reached the saturation point of approximately 85 vol% [25] . This limit is the result of the presence of about 10-15 vol% of nontransformable cubic phase developed during sintering. While HV10 could not give quantitative information about the mechanical alteration induced by the aging phenomenon in the DEG surface due to extensive chipping and debris formation during loading, the results of nanoindentation depict better the change in hardness and elastic modulus in the superficial thickness. These values drop from ~17 GPa to ~12 GPa and from ~248 GPa to ~189 GPa, respectively. In Ref. [6] , such changes were ascribed to the presence of the microcracks network, which reduces the contact stiffness. In fact, if it is accepted that the elastic modulus of monoclinic zirconia is similar to tetragonal zirconia or few tens of GPa higher [26, 27] , the sole phase change cannot explain the observed variation.
The compressive strength of non-degraded 3Y-TZP micropillars (7.5 GPa) is similar for the different samples tested and much higher than for bulk samples (2 x 2 x 4 mm) processed in the same AS condition, for which the compressive strength was only 4 GPa. This difference is mainly imputable to the absence of processing defects, as reported in Ref. [28] . Even though the micropillars mechanical response might be affected by ion implantation resulting from FIB milling, which creates a superficial amorphous layer of less than 20 nm in thickness [29] , this effect is considered of minor importance for ceramic polycrystals, where dislocation movement is not the main deformation mechanism.
The slope of the stress-strain curve of the AS 3.3 micropillars is initially comparable to that expected for elastic behavior with the bulk elastic modulus of polycrystalline zirconia, whereas a progressive curvature appears as the load increases above 3 GPa. This threshold value depends on the diameter of the micropillar and is generally reduced (lower observed value at 1.7 GPa) for sub-micrometric micropillars with diameter of similar dimensions as the grain size [28] . The failure strain calculated from the stress-strain curves for AS micropillars is of about 6.5 %, which is considerably high for brittle ceramics, and is related to transformation-induced plasticity. The deviation from linearity between stress and strain at 3 GPa in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 micropillar, these may not transform since failure is likely to occur before reaching the critical stress for transformation, which is above 3 GPa for AS 3.3 micropillars.
Since the cylindrical micropillars have been milled with their axis perpendicular to the degraded surface and degradation microcracks are roughly parallel to the original surface exposed to aging [12, 22] , a high proportion of them are orientated along planes perpendicular to the compression axis. However, since these cracks are entirely intergranular, they follow the orientation of grain boundaries, so the local crack orientation ranges over different angles with the stress axis.
According to the micromechanical modeling of Nemat-Nasser and Horii [30] and Ashby and Hallam [31] , when the load increases in compression, the faces of intergranular microcracks orientated with a suitable angle to the compressive axis tend to slide creating high stresses at the crack tips in mode-II. At these sites, mode-I tension cracks (wing cracks) can nucleate from the existing cracks tip and deviate towards the compression axes. The coalescence of wing microcracks with nearby wing or tilted degradation cracks may be responsible for the observed failure by axial intergranular splitting of the micropillar like on the right side of Fig. 6 . The final fracture is completely intergranular with the presence of debris indicating a general low cohesion of the material.
While the above discussion is valid for DEG 3.3 micropillars, for which similar failure stresses and strains are observed among different tests, the behavior of DEG 0.3 micropillars significantly differs from one test to another. Since in the latter case the average grain size (350 nm) has similar dimensions to the diameter of the pillar, only few grains and related grain boundaries are present inside the tested volume, so the probability of having microcracks suitably inclined with respect to the compressive axis diminishes. The role of individual grain orientations may also be important for the scatter in the results, although this effect should be similar for AS 0.3 pillars, where the scatter is much lower [27] . Indeed, failure stresses are always lower for DEG 0.3 than for AS 0.3, meaning that some microcracks or weakened grain boundaries are always present in the degraded pillars. The statistical occurrence of microcracks or weak interfaces favorably orientated in the volume is therefore responsible for the significant scatter in the results for DEG 0.3. As any of the few possible microcracks present in the volume will always be close to the external surface and their orientation may not favor the formation of wing cracks, the mechanism of fracture may change, shifting from axial splitting to mode-II, as shown in Fig. 7 . These aspects could justify the higher strength and strain observed for the sub-micrometric pillars.
Another characteristic of the stress-strain behavior of the DEG 0.3 micropillars is the presence of a series of discontinuous strain bursts until failure, which resemble the strain bursts observed for AS 0.3 micropillars.
Some of these events could be also occasionally observed in DEG 0.7 samples, although of minor extent in this case. The origin of strain bursts in degraded micropillars may be related to stable crack growth according to the sliding crack model under high compressive stresses, where the effect of friction between crack surfaces may help in avoiding unstable crack propagation. As explained above, the tetragonal -1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 monoclinic transformation of untransformed regions is unlikely to occur in this case, while transformation from one monoclinic variant to another has not been observed to our knowledge. cracks is interested by this mechanism as the peak stress increases, S UP increases accordingly. S 0 increases slightly too with the peak stress, meaning that the mechanism is not totally reversible, that is, a small fraction of the cracks remain locked. Following the model of Lauterbach et al. [32] , the increasing fraction of cracks involved in this process for higher peak stresses is also the reason for the presence of unloading/loading hysteresis loops of increasing width. Because of the higher number of cracks "locked" at high loads for increasing peak stresses, the number of cracks "released" at full unloading is also higher, resulting in decreasing S U0 values. S U0 is in fact an apparent value affected by the occurrence of crack unlocking, while S 0 is representative of the stiffness at low stresses. For this reason, their evolution with increasing peak stress is opposite.
Finally, the irreversible component of the strain that occurs at constant peak load (hold time = 10 s)
shown by the horizontal segments in Fig. 3 may be associated to environmental crack growth as a result of humidity present in the air during testing. This deformation takes place gradually with time and stop after some seconds, in contrast with the instantaneous strain bursts observed in AS 0.3 and DEG 0.3 micropillars.
It is well known that the threshold for subcritical crack growth of tetragonal zirconia in the presence of humidity under tension in mode-I is about half the fracture toughness [33] . In degraded pillars, transformation toughening is no longer active, so that the observed effect should be attributed to monoclinic zirconia. However, information on subcritical crack growth in monoclinic zirconia is not available at present. It is interesting to observe that when the peak stress is not maintained, the loading curve deviates from linearity at every stress increase giving a certain irreversible strain contribution (Fig. 3-A) . On the contrary, after each hold segment, the following loading curve is rather linear until reaching the next peak 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 stress (Fig. 3-B) . This evidence suggests an equivalence between time and stress level for subcritical crack growth: the irreversible strain contribution obtained when increasing the stress to a certain value can be obtained while holding a lower stress during a sufficient time.
Conclusions
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